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Mammalian X-chromosome inactivation achieves dosage compensation between the sexes by the silencing of one X chromosome in females.
In Eutheria, X inactivation is initiated by the large noncoding RNA Xist; however, it is unknown how this RNA results in silencing of the
chromosome or why, at least in humans, many genes escape silencing in somatic cells. We have sequenced the coast mole Xist gene and compared
the Xist RNA sequence among seven eutherians to provide insight into the structure of the RNA and origins of the gene. Using DNA methylation
of promoter sequences to assess whether genes are silenced in females we report the inactivation status of seven X-linked genes in humans and
mice as well as two additional eutherians, the mole and the cow, providing evidence that escape from inactivation is common among Eutheria.
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secondary structure; Functional secondary structureMost organisms with chromosomally determined sex have
evolved a mechanism of dosage compensation to equalize
expression of sex-linked genes between males and females. In
mammals this involves inactivation of one X chromosome early
in female development [1]. Inactivation of the same X is
maintained through somatic cell divisions, resulting in mosaic
females with cell populations containing one or the other X
active. X-chromosome inactivation (X inactivation) is an
excellent model for understanding epigenetic silencing and
the emerging role of functional RNAs in the process of
heterochromatinization. The inactive X acquires most of the
features of heterochromatin, including late replication, periph-
eral nuclear localization, DNA methylation at the 5′ end of
genes, modification of histones, and incorporation of a histone
variant (reviewed in [2]). The initiating factor in the silencing of☆ Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under Accession No. DQ845733 (coast mole Xist
sequence).
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doi:10.1016/j.ygeno.2007.07.002the X chromosome is the expression of Xist (Xi-specific
transcript), which encodes a large (∼17 kb) alternatively spliced
and polyadenylated transcript that lacks any conserved open
reading frame and is expressed solely from the inactive X in
somatic cells. The spliced transcripts are seen to associate with
the inactive X chromosome from which they are transcribed and
the Xist gene itself is located within the X-inactivation center
(Xic), the only region of the X that is required in cis for
inactivation of an X. Knockout and transgene studies in mice
have shown that Xist is necessary and sufficient for the initiation
of inactivation. While the gene continues to be expressed, and
contributes to the stable silencing of the X in somatic cells, it is
not required for the maintenance of silencing (reviewed in [2]).
The Xist gene has been identified in all eutherian mammals
analyzed [3,4]. Analysis of cow, human, and rodent Xist
sequences has identified characteristic repetitive regions present
at different copy numbers in each species [5–7]. We now extend
such sequence comparisons by adding the sequence of an
insectivore, the coast mole. We have also analyzed the dog (a
carnivore) and the rat (an additional rodent) genomic sequences
to generate theoretical Xist cDNAs for these species. In addition
to comparing exon structure and repeats within the primary
sequence, we also utilized two comparative RNA structure
prediction methods to search for evolutionarily conserved
454 Z.C. Yen et al. / Genomics 90 (2007) 453–463putative Xist RNA structures within the seven eutherians
examined—human, mouse, rat, vole, cow, dog, and mole. By
employing a comparative rather than a noncomparative RNA
secondary structure prediction approach, we are capable of
finding evolutionarily conserved RNA structure elements that
are likely to play a functional role.
Surprisingly, approximately 15% of human X-linked genes
escape inactivation and another 10% show variable inactivation,
whereby they are expressed from the inactive X in only a subset
of females [8]. Far fewer genes have been reported to escape
inactivation in mice, consistent with the lack of abnormal
phenotype associated with 39,X mice that are missing the
second sex chromosome. This contrasts with 45,X human
females who rarely survive to term and result in Turner
syndrome when viable (reviewed in [9]). By examining species
differences in X inactivation clues to the regulation and
maintenance of silencing may be obtained. Understanding
why particular genes escape silencing in humans is of clinical
importance for the potential differences in expression between
males and females, as well as individuals with X-chromosome
aneuploidies. It is also of considerable biological interest to
understand how the cis-limited inactivation of the X chromo-
some skips over, or fails to be maintained upon, particular
genes.
Several different hypotheses have been proposed to explain
the differences in degree of silencing between the human and
the mouse chromosomes. As the genes escaping silencing in
humans are enriched in the X added region on the short arm of
the X, their presence has been proposed to reflect the
evolutionarily more recent addition of this region to the
eutherian X [8], while mice may show more complete silencing
due to greater decay of the Y [9]. A second hypothesis suggests
that the spread of silencing is impeded by the presence of centricFig. 1. Coast mole Xist cDNA. (A) Sequencing of the coast mole Xist was based on
products (spotted regions). Amplification of coast mole regions was by degenerate or
with mole-derived primers (cross-hatch). Numbers along the top indicate the position
under the exons signify the sizes of exons in base pairs. (B) RT-PCR shows female
locations marked by the arrows in (A) were used to amplify cDNA derived from mheterochromatin, such that the acrocentric X chromosome of
mouse shows more complete inactivation [10]. Supporting this
argument, it has been shown that in rodents in which an X/
autosome translocation has occurred during sex-chromosome
evolution, a block of heterochromatin is present, which is
proposed to prevent the spread of X-chromosomal silencing into
the autosomal material [11]. A third hypothesis is that the
inactivation signal may diminish with longer distance from the
Xic, as observed during early development in mouse embryos
before X inactivation becomes stable [12] and in unbalanced X/
autosome translocations that show a gradient effect to
autosomal silencing [13]. To address these alternatives we
have examined the inactivation status of seven different genes in
human, cow, coast mole, and mouse, using DNA methylation as
an assay for silencing, as was done previously by Jegalian and
Page in their study of three X-linked genes in multiple
eutherians [14].
Results
Sequence of the coast mole (Scapanus orarius) Xist gene
As diagrammed in Fig. 1A, the sequence of the mole Xist
was derived from a combination of genomic DNA and cDNA
by PCR amplification using degenerate primers designed from
existing Xist sequences and subsequently using primers from
mole sequence for inverse or traditional PCR (primers in
Supplementary Table 1). The acquired mole Xist sequences
aligned best to other Xist sequences using Blastn [15,16],
confirming their likely origin from the mole Xist gene.
Furthermore, amplification in cDNA was observed only in
cDNA from female, not male, moles, as anticipated for an
ortholog of Xist (Fig. 1B). Although the sequence including anddirect sequencing of PCR products (solid boxes) or sequencing of cloned PCR
coast-mole-specific PCR of genomic DNA or cDNA (diagonals) or inverse PCR
in the sequence (Accession No. DQ845733), while the numbers in parentheses
-specific expression. Mole-specific primers (CMXIST1 and CMXIST2) at the
ale and female mole RNA, with amplification detected only in female cDNA.
455Z.C. Yen et al. / Genomics 90 (2007) 453–463upstream of the A repeat has not yet been sequenced in the
mole, we believe that the failed attempts do not reflect the
absence/divergence of the A repeat in mole, since the sequences
of this region for hedgehog, another insectivore, can be found in
GenBank.
Sequence structure of eutherian Xist genes
In addition to the partial eutherian Xist sequences from
GenBank, the sequenced mole Xist (DQ845733), and the
previously analyzed cow, rodent, and human genes [6], there is
now genomic DNA for the dog and rat. By aligning dog, rat, and
mole Xist sequences with known human and mouse exons and
subsequently searching for conserved splice sites (see Material
and methods) we were able to approximate the cDNA sequence
of these genes (Fig. 2A and Supplementary Table 2). Cow exons
have been confirmed by RT-PCR, whereas dog and rat exon
boundaries have not been confirmed in cDNA. The mole Xist
sequence from exon 2 to exon 6 was derived from cDNA, so the
exon boundaries were established by nucleic acid dot plots and
multiple sequence alignments to known Xist cDNAs. No
alternative splicing was detected in the mole; however,
extensive analyses were not performed.
The comparative analysis of Xist shows most exons to be
conserved between species, with the exception of a human-
specific exon 2 and a rodent-specific exon 5. Sequences were
analyzed only until the first predicted internal alternative splice
donor sequence within exon 6 (exon 7 in rodents) because all
sequences did not align well for the last portion of exon 6.
Surprisingly, the sequence of mole cDNA aligned to human
intron 4, and a similar alignment was observed between cow
and dog XIST genomic DNA, identifying a new exon that we
designate as 4b. We designed primers in exon 4a and exon 4b
and compared the sizes of fragments amplified from genomic
DNA versus cDNA. In cat and mole, the genomic DNA
fragments (∼600 bp) that were amplified from exon 4a to exon
4b were larger than the fragments from cDNA (∼300 bp),
reflecting the presence of an intron between exon 4a and exon
4b in genomic sequence. However, in cows, the same size
fragment was amplified from cDNA as from genomic DNA
(both∼600 bp), implying that exon 4b is an extension of exon 4
rather than a separate exon (data not shown).
Conservation of Xist and Lnx3
Recently, Xist exon (e) 4 has been postulated to have evolved
from chicken Lnx3, located on chicken chromosome 4 [17].
Multiple alignment of Lnx3 with seven eutherian sequences
including the original cow e4 (unextended), mole e4a, dog e4a,
and rat e4 confirmed that Xist exon 4 bears homology to Lnx3
exon 9 (as reported in [17]; we continue with this exon
designation in the text, although as shown in Supplementary
Fig. 1, the Ensembl Lnx3 has since changed exon designations
so that exon 9 is now exon 3/4). To determine whether the
extended portion of cow e4 and the newly identified e4b of dog
and mole have any relationship to the Lnx3 gene, we also
aligned dog and mole e4a and e4b, along with cow extended e4,to the entire Lnx3 transcript. In addition, we aligned only the
dog and mole e4b and cow extended e4 portion with the Lnx3
transcript (Fig. 2B). The alignments revealed a contiguous
stretch of homology of Xist, from e4a to e4b, with Lnx3, in
which e4b/extension of e4 aligned with the next Lnx3 exon
(exon 10). Given the contiguous nature of the alignment, it is
unlikely to have occurred by chance, although this alignment
with chicken Lnx3 could be revealed only by multiple species
alignment and not by Blast. Using Blastn, we found that in
humans, the Xist intron after e4 shows sequence similarity to
e4b. However, the same Blast search revealed no mouse Xist
homology to this region. We predicted that the corresponding
region in mouse would lie after exon 5, as this was presumably
an exon that was specifically gained in the rodent lineage and
interrupted the original intron 4 sequence. Therefore, we
performed a ClustalW alignment [18] of mouse intron 5 to the
cow e4 extension and mole/dog e4b, which showed sequence
similarity, suggesting that at least part of the mouse intron 5 is
related to that segment (Supplementary Fig. 2). Furthermore,
alignment of these sequences with chicken Lnx3 exon 10 was
consistent with an origin from this gene (Supplementary Fig. 3).
A summary of eutherian Xist in relationship to chicken Lnx3 is
shown in Fig. 2C.
Conservation of repeats within Xist
The previously described repetitive regions of Xist (e.g., [7])
were found in all species (see Fig. 3), except the 5′ conserved
repeat A, which has not yet been sequenced in mole, and repeat
C, which was rodent-specific in its expansion, present in only
one copy in human and absent in the mole and cow. Other
repeats were differentially expanded in the various species.
Repeat D was expanded in nonrodent eutherians, while repeat E
was reduced in dog, cow, and mole, compared to human and the
three rodents. The repeats also vary in their relative locations.
Repeat B is split into two parts (designated Bh and B) by an
insertion in human XIST and was also found to be split in dog
XIST, in which the insertion is accompanied by an inverted
order of C and B repeats. A cow-specific repeat, newly
designated G, was also identified. Details of the consensus size,
copy numbers, and locations of the repeats in the seven
eutherians are shown in Supplementary Table 3, as detected by
the Tandem Repeat Finder program (http://tandem.bu.edu/trf/
trf.advanced.submit.html).
Secondary structure conservation of eutherian Xist genes
Since Xist functions as a noncoding RNA, the secondary
structure of the RNA may be as important as the primary
sequence in allowing interactions with proteins or DNA. We
therefore attempted to identify those regions of Xist that contain
evolutionarily conserved RNA secondary structures. These
structures that have been conserved during evolution are more
likely to serve a functional role. Evolutionarily conserved
secondary structures can be best identified by using compara-
tive structure prediction methods. We utilized two comparative
RNA secondary structure prediction programs, RNAalifold
Fig. 2. Exon structure of Xist. (A) Rodent, mole, cow, dog/cat (carnivore), and human Xist sequences are aligned. The region within exon 4b of mole, cow, and
carnivore that shows sequence similarity by pairwise Blast to human and rodent Xist genomic sequences is shown as darker gray. The white boxes signify exonic
regions in mole, cow, and carnivore that are consistent with predicted and experimental exon boundaries. The mole sequence has not been sequenced to completion at
the 5′ and 3′ ends. The locations of splice sites and exons within Xist genomic sequences in rat, cow, dog, and mole are shown in Supplementary Table 2. (B) ClustalW
alignment of Xist exon 4b/extension of exon 4 with Lnx3. Exon 4b/extended exon 4 aligns to ∼650–1000 of Lnx3, equivalent to Lnx3 exon 10 (as numbered by [17]
and used here; updated Lnx3 sequences list this as exon 5 and updated exon numberings are shown in the supplemental figures). (C) Xist homology with chicken Lnx3.
Xist exon 4 shows similarity to Lnx3 exon 9, Xist exon 4b is homologous to Lnx3 exon 10, and Xist exon 5/rodent exon 6 is related to Lnx3 exon 15.
456 Z.C. Yen et al. / Genomics 90 (2007) 453–463(http://rna.tbi.univie.ac.at/cgi-bin/alifold.cgi [19,20]), which
examines free energy and compensatory mutations between
species, and CARNAC, which searches for conserved RNA
structures from diverged orthologs without requiring alignedinput sequences (http://bioinfo.lifl.fr/carnac/ [21,22]). Both
programs take a set of functionally equivalent RNA sequences
and predict evolutionarily conserved RNA structures. However,
these two programs employ two very different strategies for
Fig. 3. Summary of tandem repeats within Xist in multiple eutherians. Locations of repeats A to F are shown in the different eutherian Xist cDNA sequences, based on
dot-plot homology with human and mouse XIST/Xist cDNA or with Xist cDNA of their own species. The two pink repeats in cow seem to be species specific and are
labeled G. Both dog and human have a split B repeat. Human-specific exon 2 is shown as h2, whereas rodent-specific exon 5 is indicated as r5.
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unaligned sequences, whereas RNAalifold takes a fixed input
alignment. CARNAC first finds hairpins in every sequence
independently before detecting hairpins that have been
conserved in several (but not necessarily all) sequences and
has been shown to have a high specificity, but medium to low
sensitivity [23].
Finding conserved structural elements in such a large RNA is
extremely challenging for two reasons. First, the naturally
occurring transcripts are too long to analyze in a single entity by
any of the existing structure prediction methods, whether
comparative or not. The human primary transcript is 32 kb,
while the spliced mature RNA has various isoforms but can be
over 17 kb. Second, to employ any comparative structure
prediction method we have to either establish a fixed sequence
alignment of high quality (required for programs like RNAali-
fold) or we have to rely upon the program itself to align known
functionally equivalent subsequences correctly before predict-
ing conserved structures (as CARNAC does). The Xist transcript
is considerably diverged between the species investigated,
including exon/intron structure (Fig. 3), intron length (Supple-
mentary Table 2), and expansion/contraction of repeats
(Supplementary Table 3), making a global alignment impos-
sible. Given all these considerations we use the known
biologically equivalent entities of the transcripts—the repeat
elements and exons—to define inputs into the two programs.We
investigated 14 different subregions of Xist, shown by the
horizontal bars at the top of Fig. 4. For the smaller exons the
entire exon was utilized, while for the larger exons we used
subregions demarcated by the repeat structures. The precise
boundaries of these fragments are of necessity arbitrary to some
extent. Our aim was to choose fragments as long as possible,
within the computational limits imposed by the two programs.
An equally important consideration was to choose fragments
that we could align, as any misalignment will compromise the
quality of the structures predicted. To reduce further thesensitivity to the precise fragment boundaries we employed
two programs that work in a comparative manner and are thus
capable of identifying parts of the alignment that contain
evolutionarily conserved structures. In addition, one of the two
programs (RNAalifold) is capable of estimating the confidence
of the predicted structures by calculating probabilities for the
predicted base pairs. Despite such considerations, these
comparisons still analyze regions of the RNA in isolation from
the rest of the RNA, and therefore putative structures must be
interpreted with caution.
We used CARNAC to analyze all regions and to identify
those that contain conserved putative secondary structures in all
eutherians analyzed. Each putative structure-containing region
identified by CARNAC was further investigated with the
program RNAalifold using fixed input alignments. Only 3 of
the 14 regions examined individually by CARNAC show
predicted secondary structures conserved for all the eutherians
examined (see Fig. 4). Interestingly, several putative secondary
structures were found only within rodents or in Eutheria
excluding rodents (data not shown). The region before the A
repeats had not previously been identified as harboring
conserved putative structures, while the A repeats and exon 4
have previously been reported to contain putative secondary
structures (reviewed in [7]; also [4,24]). While these previous
studies have examined evolutionarily conserved regions, they
base their secondary structure prediction on individual
sequences using the noncomparative structure prediction
program Mfold, which predicts the thermodynamically most
stable structure, whereas we employ a comparative approach
that aims to detect evolutionarily conserved secondary structures
using two independent comparative structure prediction pro-
grams, RNAalifold and CARNAC. It is interesting to note that
both our comparative and previous noncomparative approaches
identify the same two regions as potentially structure containing,
although the putative secondary structures predicted differ. The
structures predicted involve mostly conserved base pairs, but are
Fig. 4. Conservation of secondary structure in Xist. Bars show the regions compared between eutherian species, with asterisks marking those for which CARNAC
predicted a common structure. Shown below is the CARNAC output of conserved regions for human focused on the local structures predicted and, below that, the
structure predicted by the RNAalifold program visualized by PseudoViewer (http://wilab.inha.ac.kr/pseudoviewer/ [44]) for the human sequence. Crosses highlighted
by arrows show the locations of compensatory base changes between species (see Supplementary Figs. 4–6). Similar structure predictions for mouse sequence are
shown in Supplementary Fig. 7.
458 Z.C. Yen et al. / Genomics 90 (2007) 453–463further supported by several compensatory base changes
(Supplementary Figs. 4 and 5). For the A repeat region one
compensatory change is rodent-specific, one is cow-specific,Fig. 5. Inactivation status of X-linked loci in four eutherians. (A) Methylation of the
followed by PCR. DNA from both females and males for each species listed was c
Comparison of eutherian X chromosomes. The relative order of tested loci in the pr
X-linked CRSP2, UTX, UBE1, and JARID1C loci in cow is unknown. The gene orde
indicated for comparison. Known expression status derived from current study plus
is indicated as (E) for escape status or (I) for inactive status. The locations of the lo
⁎, testes-specific expression of Y homolog. +/−, presence or absence of Y homolog, r
(C) Summary diagram of factors potentially affecting whether genes are expressed or
are subject to inactivation (I) in human, mouse, cow, and mole, given that they are par
or are on the arm opposite that of the Xic, is given. The fourth column shows the avera
inactivation in the four species. Total refers to percentage of genes that escape or are in
The total in the fourth column refers to the mean average distance from the Xic in g
JARID1C was counted as a gene that both escapes and inactivates, given its variabiand one is observed in two of the three rodents, while for exon 4
the predicted secondary structures are supported by both rodent-
specific and single-species compensatory changes.genes listed was analyzed by methylation-sensitive restriction enzyme digestion
ut with EcoRI (mock), or EcoRI and MspI, or EcoRI and HpaII as labeled. (B)
esent methylation analysis and their results are shown. The relative order of the
r of the X-linked loci in mole is unknown, but a hypothetical X chromosome is
previous work (Jegalian and Page [14]) of the loci in mouse, human, and cow
ci, the centromeres, and the sizes of the chromosomes are not drawn to scale.
espectively, based on experimental data or available information online (NCBI).
inactive on the eutherian X chromosome. The number of genes that escape (E) or
t of the XAR, part of the XCR, have Y homologs, are on the same arm as the Xic,
ge distance in Mb from the Xic for genes that escape inactivation or are subject to
activated on the X chromosome depending on the factors, across the four species.
enes that either escape or are subject to silencing. Note that in mouse and cow,
lity in expression from the inactive X, discussed in the text.
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As males have only an active X, while females have an active
and an inactive X, comparison of DNA methylation at the
promoter region of X-linked genes can be used to determinewhether the inactive X is differentially methylated (as evidenced
by methylation in females compared to males) and thus likely to
be silenced (subject to inactivation). We have analyzed DNA
methylation of Zfx, Crsp2, Utx, Ube1, Jarid1c, Ar, and Fmr1
(primers in Supplementary Table 4) in male and female humans,
460 Z.C. Yen et al. / Genomics 90 (2007) 453–463mice, cows, and moles (Fig. 5). Fmr1 and Ar are subject to
inactivation in all species, while the Utx gene escapes silencing
in all species. Zfx, Crsp2, Ube1, and Jarid1c showed a similar
pattern of lack of female methylation in cow and mole (although
we failed in our attempt to examine Ube1 in mole). Interestingly
for JARID1C, analysis of a second female cow DNA sample
showed methylation, suggesting that this gene may be variable
in its inactivation status. To correlate gene expression status
(methylated= inactivated, unmethylated=escape) with the var-
ious hypotheses regarding why genes may escape inactivation,
in Fig. 5B we have compared the relative location of the genes
examined andwhether there is a Y homolog. Unfortunately there
are limited data concerning the mole genome. Human and cow
ZFY is ubiquitously expressed ([25], NCBI, GeneBase), while
mouse Zfx is germ-cell-specific [14]. Crsp2 lacks a Y counter-
part in cow, the Y homolog has become pseudogenic in human,
and there is no evidence for a Y homolog in mouse. Utx has a
broadly expressed Y homolog in human, mouse, cow (Uty GI:
17933095), and presumably mole, since Uty is found in shrews
(GI: 60267961, 60267959), which belong to the same infraclass,
Insectivora. Ube1x has testes-specific expression of the
corresponding Y homolog. Jarid1C is the only gene tested to
have Y homologs in all species, while AR and FMR1 lack Y
homologs in all species. These results are compiled in Fig. 5C
and indicate that many features may contribute to expression
from an inactive X, but that the human X is not unique in having
multiple genes that escape inactivation.
Discussion
Dosage compensation occurs in many species in which
chromosomal determination of sex results in an imbalance of
genomic material between males and females. In eutherians, the
process of X inactivation is initiated by the Xist gene, which
encodes a functional RNA that coats the inactive X from which
it is expressed. Intriguingly, functional RNAs are involved in
the dissimilar processes of dosage compensation in different
species. In flies, the roX1 and roX2 noncoding RNAs help to
regulate the hypertranscription of the single X in XY males
[26], and in birds, the noncoding MHM transcript may help to
up-regulate the single Z chromosome in ZW females [27],
contrary to the down-regulation initiated by Xist. Little is
understood about the functional domains of Xist and their role
in X chromosome silencing, although a recent paper has now
revealed the evolutionary origin of this unique gene [17]. A
further mystery is why not all genes are subject to inactivation,
especially in humans. We have addressed these questions by
analysis of Xist and X inactivation in a series of eutherians.
An evolutionary perspective of Xist structure
The general exon structure of Xist is moderately conserved,
despite considerable sequence divergence. In all seven
eutherian species analyzed the cDNA is over 13 kb in size,
consisting of a very large first exon, followed by four or five
small exons and then another large exon. The most highly
conserved region is exon 4, which was recently reported toshow homology with the chicken protein-coding gene Lnx3
[17]. Lnx3 is part of a region of genes duplicated several times
in the chicken and human genome (human chromosomes 13, 4,
and X) [17]. These duplications presumably allowed the
eventual loss of protein-coding sequence of genes within the
regions over evolutionary time as evidenced by the abundance
of pseudogenes and RNA-coding genes in the eutherian Xic as
opposed to protein-coding genes in other vertebrates [17]. In
addition to Xist exon 4, exon 5 (rodent exon 6) is also a vestigial
exon of Lnx3 [17]. In this study, we have shown that exon 4b
also shows homology to chicken Lnx3 and is conserved in all
eutherians examined. In insectivores and carnivores, exon 4b
remains as a separate exon from exon 4a, similar to the
precursor chicken Lnx3 gene (exons 9 [17] and 10), whereas the
same segment has extended the traditional exon 4a in
artiodactyls and become intronic in primates and rodents, with
rodents gaining a rodent-specific exon 5. Exons 2 and 3 are
found in all eutherians, with the exception of humans, in which
a human-specific exon 2 has been acquired. Although this study
did not examine conservation of the 3′-most end, it is clear that
homology between the orthologs drops drastically beyond exon
6/rodent exon 7 of Xist. 3′ of this large exon, human XIST
contains exons 7 and 8, which were originally designated as “c”
and “d” [28], whereas rodent Xist contains only an additional
exon 8 [5,29], which was identified initially as a rare rodent
splice variant with orthologous splicing to exon 8 in human and
has since been found to be part of an extended isoform of Xist
that is possibly developmentally regulated [30]. At its 3′ end,
mouse Xist has homology to the enhancer region of the pre-T
cell receptor gene [31], and human exon 7 bears homology to an
orphan nuclear receptor [32]. Additions to Xist may reflect the
general propensity of the Xic region as an active site for
retrotransposition, particularly in humans, influenced possibly
by chromatin context or increased genomic activity during
spermatogenesis which has led to the abundance of pseudo-
genes, functional RNA genes, LINES, and LTRs seen in the
present eutherian X chromosome and Xic regions [6,17].
The first and sixth (seventh in rodent) exons are large and
contain the repetitive elements that largely contribute to the size of
the Xist gene. Examining the seven eutherian orthologs reveals
considerable variation in the copy number of the repeats, with the
exception of the essential A repeat [24], which is conserved in both
copy number and consensus sequence. In general, we observed that
for repeats B–F, the reduction of one repeat class was concurrent
with the expansion of another, suggesting that these sequences
may be compensatory. Their role may simply be creating an
RNA large enough to localize efficiently to the X chromosome
and allow silencing. In summary, it appears that the proto-Xist
gene evolved from Lnx3, with species-specific expansion or
contraction of repeats, perhaps serving to maintain the size of
Xist, as well as species-specific addition and loss of exons.
Determining Xist function from secondary structure
conservation
To date no protein has been shown to interact directly with
the Xist RNA, although there are a number of proteins observed
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proteins [33], the histone variant macroH2A [34], and hnRNP U
[35]. Interaction between proteins and Xist could potentially
require a distinct, local secondary structure, and to identify
evolutionarily conserved putative secondary structures we
undertook a comparative analysis of regions of Xist using two
different programs, CARNAC and RNAalifold. In vivo the
RNA is transcribed as a precursor RNA and then alternatively
spliced to the mature RNA. Both are, however, too large for
analysis by current computational approaches to identify
conserved structures. We have therefore analyzed regions of
Xist benchmarked by either the exon structure or the repeat
elements. Thus the putative structures need be interpreted
cautiously, as they are sensitive to the choice of input regions
and their alignments. Two of the regions we identified, the A
repeats and exon 4, had been previously described as potentially
structure-containing. We also identified a new region of
potentially conserved RNA structure in the region upstream
of the A repeats. No compensatory changes were observed in
the RNAalifold-predicted structure of this region, and the
average base-pairing probabilities were lower than those for the
predicted structures for the A repeat and exon 4 regions
(Supplementary Fig. 6). The structures returned by CARNAC
and RNAalifold differ substantially for this region, but the
programs function very differently, with RNAalifold requiring a
fixed alignment and thus being more likely to be adversely
affected by the lower amount of primary sequence conservation
in this region. Whether this region is important for Xist-induced
silencing and/or localization to the X chromosome will require
experimental validation.
The importance of the A repeat has been supported by
deletion analyses with an inducible Xist transgene, and the
functionality in that system of A repeat units with compensatory
base changes provides strong support for the hairpin structures
proposed within the conserved core of the repeat unit [24].
RNAalifold predicted multiple stems and loops, and those with
the highest estimated base-pairing probabilities overlap several
of the previously proposed hairpin structures of the A repeat
([24], see Supplementary Fig. 4). Both RNAalifold and
CARNAC predict structures spanning more than a single repeat
unit, suggesting that the A repeat may also have longer-range
interactions.
For exon 4 CARNAC predicts a structure that is less
extensive than the one predicted by RNAalifold, but the
structures overlap (Fig. 4, bottom). The structure predicted by
RNAalifold is further supported by a number of compensatory
changes (Supplementary Fig. 5). Deletion of exon 4 in a mouse
model did not abrogate silencing or localization of the Xist
RNA, although it did affect the expression level [36], leaving
the biological role of this region unclear.
Unlike the conservation of size, copy number, and consensus
sequence of the A repeat, the other repeats consistently show
more variability in copy number and primary sequence in the
different eutherians. Although the C repeat was reported to be
important for chromosomal binding or localization to the X
chromosome in mouse [37], deletion of the region did not alter
the ability of the Xist cDNA to localize or silence in the samespecies [24]. The sequence of the repeat itself is arguably
dispensable because it is not found in mole or cow, is in only
one copy in human XIST, and shows a truncated consensus
sequence for part of the repeat region in all rodents. Like
repeat C, the functions of separate B, D, E, and F repeats are
also unclear, but it is likely that if each repeat indeed acts
independently and differently, the functions would vary across
eutherians. However, we suggest that the differential expan-
sion and shrinkage of the different species may reflect the
functional redundancy of the 3′ region for localization of Xist
to the X chromosome [24]. In all eutherians the Xist
transcripts examined are over 13 kb. An adequate size of
Xist could be advantageous for the function of the RNA and
these repeats may play an important role because they readily
undergo duplication events that help expand the sequence of
the gene.
While we have focused upon conserved structures, there are
also considerable differences in X-chromosome inactivation
between humans and mice. For example the mouse Xist
transcript is able to localize and remain tethered to the mouse
inactive X into metaphase, whereas human XIST is released
during prophase [38]. Localization also seems to require
species-specific factors, since human XIST cannot coat the
human X chromosome when present in the mouse background
of a human–mouse somatic cell hybrid [39]. Another potential
difference between human and mouse inactivation may be the
surprisingly high proportion of genes that escape inactivation on
the human X chromosome. We have explored whether this
difference is seen in multiple eutherians.
X inactivation across multiple eutherians
Methylation of the CpG islands at the 5′ ends of X-linked
genes is a general feature of the inactive X throughout Eutheria,
although it is not seen in marsupials [40]. We have used
methylation to examine whether genes are subject to X
inactivation, as was previously done for Smcx (Jarid1C),
Rps4x, and Zfx [14]. These data are summarized in Fig. 5C.
Jarid1C has been shown previously to be subject to inactivation
or to escape silencing depending on the eutherian lineage [14],
as well as to reactivate variably in mouse [41]. In our assays of
somatic cells the gene showed some methylation suggestive of
inactivation in one cow and mouse sample, while escaping
inactivation in other samples of the two species (data not
shown), suggesting that variability in silencing is not restricted
to humans.
The long arm and proximal short arm of the human X
chromosome is also X-linked in marsupials, termed the X
conserved region (XCR), while the distal short arm is the X
added region (XAR), found specifically in eutherians [42].
We examined three genes (ZFX, CRSP2, and UTX) from the
XAR and four genes from the XCR, including two from the
short arm (UBE1X and JARID1C) and two from the long arm
(AR and FMR1). The latter were seen to be subject to
inactivation in the other three eutherians examined, consistent
with the idea that silencing of the genes on the evolutionarily
older part of the X is more complete. However, exceptions
462 Z.C. Yen et al. / Genomics 90 (2007) 453–463were seen whereby XAR genes are subject to inactivation
only in mouse, and several XCR genes escape inactivation in
multiple species (summarized in Fig. 5C). Other influences
proposed for whether a gene will be subject to inactivation
include the presence of a widely expressed Y homolog, the
distance from the X-inactivation center, or whether inactiva-
tion needs to cross centric heterochromatin. Our results
support that the interconnected features of XAR origin, Y
homology, and presence distal to centromeric heterochromatin
tend to favor escape from inactivation (Fig. 5C), while
distance from the Xic was not strongly associated with escape
from inactivation. While still a limited sample, and biased by
the choice of genes examined, our results demonstrate that
escape from X-chromosome inactivation for XCR genes is
not unique to the human lineage.
Material and methods
Source of eutherian DNA/cDNA
Female and male coast mole fibroblast cell lines were established from mole
kidneys and were maintained in 15% fetal calf serum (Cansera) in minimal
essential medium (α-MEM; Gibco BRL) containing 1% nonessential amino
acids, 1% penicillin/streptomycin, and 1% L-glutamine (all Gibco BRL) at
37 °C. Female cat (CCL 176), female bovine (CCL 209), and male bovine (CCL
207) fibroblast cell lines were from the American Type Culture Collection
catalog (http://www.atcc.org/catalog/cellBiology/cellBiologyIndex.cfm). The
mouse BMSL2 cell line was derived from F1 generation mouse fibroblasts
[43] and DNA was also obtained from mouse spleens.
DNA and RNA analysis
Reverse transcription of coast mole RNA (treated with DNase to eliminate
DNA contamination) was performed using Superscript II reverse transcriptase
(Invitrogen; Cat. No. 18064-014) and a degenerate Xist primer (CMXIST12: 5′-
TTCTCAGMAGTKCTGGCACATCTG-3′; see Supplementary Table 1)
derived from a conserved portion of exon 6/rodent 7. ClustalW alignment of
sheep, horse, cow, human, and mouse was used to find a suitable region for
primer design.
The initial coast mole Xist fragments were obtained using degenerate PCR
primers at low stringency, followed by inverse PCR to expand the known areas.
The primers were designed from regions within Xist exon 1 shared between
human, bovine, lepine, and equine sequences. Inverse PCRwas performed using
10 μg of mole genomic DNA digested with AluI and ligated in 500 μl volume
with 4000 U T4 ligase (NEB), followed by PCR amplification with primers
listed in Supplementary Table 1.
To locate approximate exon boundaries, dog and rat genomic Xist
sequences were aligned to human and mouse XIST/Xist cDNA in a nucleic
acid dot plot (http://arbl.cvmbs.colostate.edu/molkit/dnadot/) with a sliding
window size of 19 and a mismatch limit of 4 followed by prediction of
potential splice junctions at the ends of exon alignments using NNSPLICE
version 0.9 (http://www.fruitfly.org/seq_tools/splice.html). The most probable
of these splice sites were selected based on the program scores, sequence
similarity to known exons by Blast2seq pairwise alignment, and consistency
with the approximate sites from the dot plots and are shown in Supplemental
Table 2. Based on these predictions, the dog and rat cDNA sequences were
assembled.
RNA structure prediction and conservation analyses
To identify consensus RNA structures of Xist within the eutherian subclass,
ClustalW alignments (http://www.ebi.ac.uk/clustalw/) of the Xist orthologs
(human, mouse, vole, rat, dog, cow, and mole) were analyzed by RNAalifold
(http://rna.tbi.univie.ac.at/cgi-bin/alifold.cgi). We divided Xist into smallerfragments for alignment using the known repeats and exon boundaries as
landmarks. Analysis by RNAalifold was done using default parameters. Settings
used were a covariance term of 1, penalty for noncompatible sequences of 1, and
energy parameters of 37 °C.
CARNAC was employed to predict conserved secondary structures between
Xist orthologs (public Web server, http://bioinfo.lifl.fr/carnac/). Xist was divided
into the same fragments as for RNAalifold, except no multiple alignments were
required. The parameters were set to account for GC content within the
sequences. We defined “conserved RNA structures” as those that were computed
commonly in all Xist orthologs, whereas those arising from only a subset of the
Xist sequences were not considered conserved.
Methylation digestions and subsequent amplification
Methylation analysis was performed on cow, mole, human, and mouse
genomic DNA to assess for expression status of X-linked genes. The CpG
islands 5′ of Zfx, Crsp2, Utx, Ube1x, Jarid1C, Fmr1, and Ar were assessed
using the methylation-sensitive restriction enzyme HpaII. Subsequent PCR
amplification of the HpaII digests revealed either a band for each locus,
reflecting methylation, associated with silencing, or no band, reflecting an
unmethylated status, associated with expression. As a control for the presence
of HpaII sites at the tested CpG islands, MspI digests were performed in
parallel. Female and male bovine, mole, human, and mouse genomic DNAs
were digested with EcoRI at 37 °C, followed by either HpaII or MspI
digestion to give a final genomic concentration of 100 ng/μl. PCRs were done
on the double digests with degenerate primers designed from conserved CpG
sites (see Supplementary Table 4).
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